Abstract. This paper purposes to study thermoelastic damping in microbeams of rhombic cross-section. Detailed formulas are derived, for the first time, for the TED of rhombic cross-section. An approximation method is used to solve the two-dimensional heat conduction equation. The temperature field will be further derived by using the simplified procedure. The present model is validated by comparison with the finite element method (FEM) model.
Introduction
Beam resonators have been widely adopted in a broad field of MEMS/NEMS. It is preferred to design and construct resonators with little energy loss for their optimal application. In the process of micro-mechanical resonators' operating, quality factor is a crucial standard to measure their dynamic characteristic, which can be expressed as the ratio of total energy and energy dissipation each vibration period in the systems [1] .
In particular, thermoelastic damping (TED) has been verified as a main damping mechanism for enegy loss in a wide range of micro-and nanomechanical resonators. TED is caused by irreversible heat conduction in a vibrating thermoelastic structure. It is an important intrinsic damping mechanism which is inevitable in designing and constructing. In 1937, Zener [2, 3] derived a simple 1-D model for TED to determine the frequency dependence of this mechanism. Zener's model for TED in a microbeam of rectangular cross-section with thickness h is
Here, W  denotes the energy dissipated per cycle of vibration due to irreversible heat conduction, max W is the maximum stored elastic energy in the structure during vibration, E is Young's modulus, T  is the coefficient of thermal expansion, 0 T is the equilibrium temperature of the beam, v C is the specific heat per unit volume,  is the angular frequency of vibration,  is a time constant for thermal relaxation defined as
Where k is the thermal conductivity.
Many research teams have investigated this mechanism and extended Zener's analysis in various directions. In 1999, Lifshitz and Roukes [4] presented an exact solution of TED for resonator microbeams based on Zener's analysis. In 2009, C.Q.Ru [5] presented a simplified procedure for calculation of thermoelastic dissipation of micro/nano beams. This method has been applied for publication elsewhere [6, 7] . The model for TED in micro/nano beams has the same form with Zener's formula, but with the different characteristic time constant for thermal relaxation , which is given by
Using this model, Tunvir et al. [6] recently presented an theoretical model for TED of microbeams with rectangular, elliptical and triangular cross-section. However, the condition of rhombic cross-section is not discussed in this paper. This paper presents an analytical model for calculating the thermoelastic damping in microbeams of rhombic cross-section using C.Q.Ru's simplified procedure. We calculate TED in microbeams of rhombic cross-section under adiabatic boundary condition, compare the analytical results with those obtained by the FEM model. The differences between analytical models and the FEM results are discussed.
Problem Formulation
Consider a slender beam of rhombic cross-section. Figure 1 shows a schematic drawing of a microbeam. This beam is of length L, the lengths of diagonals in the rhombic cross-section are 2c and 2d, respectively. In most cases, the long diagonal is along z axis. The x coordinate is parallel to the beam axis. Therefore in this paper we study the rhombic cross-section with the condition d c  . The slender beam undergoes bending vibrations of small amplitude, and the deformation is assumed to be consistent with the linear Euler-Bernoulli theory. Therefore, the maximum deflection is confined to be less than the microbeam diagonals. According to the previous model, we give the thermal conduction equation for the microbeam [2] 
In C.Q.Ru's procedure, the temperature field is given by (4), and integrating both sides of equation (4) in the rhombic cross-section, leads to
Substituting equation (6) into equation (5), we obtain the temperature field of the microbeam,
As shown in Figure 1 , equation of the boundary curve of the rhombic cross-section can be expressed as The thermal boundary conditions are considered to be adiabatic. It means that there is no heat flow across the boundary curve of the rhombic cross-section in the y-z plane, so that 0
It can be further derived that
Substituting equation (9) (13) and (14) into equation (7), we obtain 
Therefore, using C.Q.Ru's formula, we finally obtain another expression for the magnitude of TED in microbeams of rhombic cross-section,
where 
Validation and discussions
Now we use the analytical solution to calculate TED through the software matlab, and compare the calculated results with those calculated by the FEM model.
In those models, we define the same material properties: E = 157 GPa,  = 0.22,  = 2330 kg m
In the FEM analysis, the element type Solid226 and Solid227 are selected. We put a uniformly distributed force t F  is the first natural frequency. Besides, the microbeams of rhombic cross-section has the adiabatic surface condition. Figure 1 shows the of TED Q the microbeams with rhombic cross-section as a function of frequency in the range from 2 MHz to 10MHz generated by the FEM model. The TED Q obtained by the analytical solution is also shown in the same figure for comparision. These models have the same beams with uniform semi axis c=d=3µm and length L=200µm. It is seen that the results of analytical model is in good agreement with those of FEM model. The discrepancy between the two models increases as frequency increases, and the maximal discrepancy of TED Q between the FEM results and the analytical model is about 2.7×10 -6 . The condition c=2d=6µm is shown in Figure 2 . The maximal discrepancy of TED Q between the FEM results and the analytical model is about 4.0×10 -6 . 
Summary
The paper gives an analytical model for calculating the thermoelastic damping in microbeams of rhombic cross-section. The temperature field is approximated in the form of polynomial with five degree. The heat condution equation is further solved by using the simplified procedure. For validation, the results from analytical model are compared with FEM results. The analytical model is simple and it is in good agreement with FEM results. Besides, the present model is only applicable to adiabatic surface conditions. For other complicated boundary conditions, the analytical models have not been developed.
